values., Subjects may have been attempting to maintain primary performance

at a constant level by "holding aside" resources from both tasks during
epochs of the easier levels of the primary task, and expending these
reserves only when primary demands were maximum. Had subjects been following
this strategy, then performance on the secondary task at the points of

lowest primary task demands (approximately 90 seconds and 185 seconds into
the trial in figure 3) should have been considerably worse (higher error)
than the performance if maximum effort was expended. An estimate of the
latter performance level was obtained from the dual task condition of
constant primary task difficulty with a = 0. A comparison of error values

between these two (variable and constant difficulty conditions when d = 0),
failed to reveal worse performance in the variable condition. It was there-
by concluded that subjects were in fact exerting maximum resources at all
levels of difficulty in the variable condition, and not simply reserving
resources when task demands were lessened.

The composite results of the two investigations--non-optimal allocation
in Experiment 1 and in the early trials of Experiment 2, and a trend toward
optimal expansion, rather than optimal allocation with practice--are
interesting., They seem to suggest that the hydraulic conception suggested
by Kahneman (1973), and Wickens and Pierce (1978) that portrays attention
as a continuously available commodity whose supply and allocation can
rcadily be modulated in closed loop fashion according to temporarily im-
posed demands, is perhaps incorrect. Galanter (1976) has proposed that many
of the molar aspects of operator performance in complex environments are
open loop or ballistic in nature. Plans are formulated and carried out
in the absence of a great deal of continuous closed loop adjustment. 1In
the present paradigm, if the secondary task coherence measure is used.to
operationally define the level of closed loop interaction, then the results
of the second study are seemingly consistent with Galantevr's view, since
secondary task coherence values here were quikte small,

In the first experiment (Wickens and Pierce), higher coherence values
of the secondary task did point to the existence of a greater degree of
closed loop involvement, 1In accounting for the difference between these
studies, it is possible to argue that the dramatic changes in difficulty
imposed by Wickens and Pierce, (much more abrupt than those of the second
study) were sufficiently salient to disrupt the open loop allocation
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strategy that subjects might otherwise tend to adopt, and force a discrete,
all-or-none reallocation of resources, This behavior would more approximate
the kind of reallocation strategy that would characterize demand variations
between trials. Task difficulty characteristics are known in advance, and
an appropriate allocation strategy is chosen at the outset,

In summary, it is clear that considerably more investigation i{s needed
into the characteristics of operator performance in dynamic conditions in
order to understand how conceptualizations of the construct we refer to as
attention, formulated on the basis of research in constant task environments,

must be modified to account for the dynamic aspects of behavior.
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Participatory Mode and The Detection

Dynamic System Failures
(Colin Kessel, Christopher Wickens)

Our research interest in this area was instigated by two related con-
cerns: One of these related to the differences in performance between the
human operator as an active participant in the control of a dynamic system,
and as a passive monitor of that system under automatic control. Recent
advances in computer technology have generated an evolution toward systems
of the latter category and with this evolution in mind, we hoped to identify
and investigate some possible shortcomings or disadvantages of svstem perfor-
mances under automatic, as opposed to manual control., These are shortcomings
that should be considered by system designers in their decisions concerning
whether or not to automate particular functions. One such disadvantage we
felt, could reside in a reduction in the monitor's ability to detect fail-
ures, or malfunctions in the dynamic system under supervision, as he is re-
moved from the control loop. The second instigating source for our research
was a specific conflict in the experimental literature concerning which mode
of participation (autopilot monitoring vs, active manual controlling, desig-
nated below as AU vs. MA performance) produced better failure detection.

In two previous investigations in which the two modes had been compared,
Young (1969) provided evidence for better MA detection, while Ephrath and
Curry (1977) obtained results indicating the opposite conclusions.

In contrasting analytically the two participatory modes, it is possible
to identify on paper, characteristics of each that might enhance failure
detection over the other. We have listed and described these characteristics
in detail in Wickens and Kessel (1977, 1979a) and in Kessel and Wickens (1978);
however the most salient of these will be briefly restated here. It is cer-
tainly plausible to assert that detection of system failures might be supe-
rior while that svstem is actively under manual control. The operator in
the MA mode is constantly interacting with the system; he receives both
visual input concerning system state, as well as proprioceptive input con-

cerning the control commands that he has delivered to the system, the latter

unavailable to the AU monitor. Furthermore, unlike the AU monitor, he has
the option of introducing "test" signals into a system, suspected to be mal-
functioning, and observe the subsequent response. Finally the MA controller
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may have contructed a better "internal model" of the system, by virtue of his
greater degree of active participation., Thereby he should have more reliable
expectations of system outputs to known inputs under normal operating condi-
tions and, as a consequence a greater ability to detect departures from
normality,

While these factors all favor MA detection, this superiority may be
diminished, or even eliminated altogether by differences in workload favor-
ing AU detection. The MA controller must perform two tasks concurrently, con-
trolling and detecting, and the workload imposed by the controlling function
may be sufficient to interfere with the detection/decision making task. The
AU monitor naturally has only the latter task to perform, and this difference
in concurrent task load could enhance AU detection. A second source of poten-
tial AU superiority relates to operator adaptation. To the extent that the
MA controller adapts his control response to preserve normal tracking per-
formance after a failure, and yet is unaware of this adaptation (as McDonnell,
1966 and others have noted may occur), there will be less visual evidence
of a failure from the display and thus a reduced likelihood of detection. A
non-adapting autopilot on the other hand will continue to produce salient
visual evidence of a changed system response following the failure.

Our goal was to develop an experimental paradigm that would allow us
to compare system failure detection under AU and MA participatory modes, in
such a way that the two modes were as similar as possible except for the
operator's responsibility for manual control. After extensive pretesting,

the paradigm chosen was one in which operators detected step increases in 4

the order of a system that was tracking a two dimensional target visible on
a CRT display. This failure approximated the loss of stability augmentation.
The system was either controlled by the operator himself via 2 dimensional
joystick (MA mode), or by a computer autopilot, that simulated as closely

as possible the human operator’'s control transfer function, Autopilot para-
meters were further adjusted in value so that AU tracking "performance"

(RMS error) was equivalent to MA performance, Failures, which occurred at

an average frequency of five per two minute trial were detected with a trigger

press.
In our first experiment (Wickens and Kessel, 1977, 1979a), five
subjects, well practiced in the detection task performed in the AU and

MA mode on alternate trials. Analysis of detection performance, measured
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as a joint function of response latency and accuracy1 indicated that the MA
mode was reliably superior, Latency was considerably shorter while there

was minimal difference between modes in terms of response accuracy. Three
fine grained analysis techniques were then performed on the detection and
tracking data in an effort to identify what characteristics of the operator
and/or the two modes were responsible for the obtained MA superiority,

These techniques involved (1) examining the distribution of detection
response latencies, (2) using multiple regression techniques to regress
response latency on characteristics of the tracking control signals in the
interval between failure and detection, and (3) constructing separate ensemble
averages of the control signals for hit and miss trials following the failure,

The composite evidence derived from these three analyses indicated that
MA detection benefited from the presence of qualitatively different informa-
tion available to the decision-maker in the first second or two after the
failure. We concluded that this information consisted of proprioceptive
cues, generated by the operator's initial adaptive response (change in con-
trol behavior) to the changed dynamics.

One potential source of difference between the two modes, whose effect
we were unable to examine in the first study, related to differences in the
internal model. Since all subjects received training under both MA and AU
conditions, it is reasonable to assume that a uniform internal model, or
conception of the system was in force in both conditions. A major goal of
our second study (Kessel and Wickens, 1978, the PhD dissertation of the first
author) was to ensure the presence of a different internal model between AU
and MA detection, and this was accomplished by adopting a between~subjects
design. 1If, as hypothesized, MA training allows for a more stable model to
develop, then MA superiority should again be demonstrated and in fact,
this superiority should be enhanced relative to the previous within subjects
design in which AU detection could benefit from a model developed in part
under MA training.

The results obtained by Kessel and Wickens supported this prediction
as MA superiority was again demonstrated. Moreover in the between subjects

design, MA detection was not only of shorter latency, but also of considerably

1. A variant of signal detection theory was used to assess response accuracy,

thereby rewarding performance for failures detected, as well as penaliz~

ing for false alarms (detection response made in the absence of a failure).
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greater accuracy than AU detection. In the first study, the difference was
only evident in detection latency. 1In fact the overall degree of MA super-
iority, assessed in terms of a combined speed-accuracy performance index, was
five times greater than in the first study, thereby clearly demonstrating

the enhanced differences in learning and model development between the two

participatory modes.
In order to further validate these differences, a second phase of the ex-

periment included a transfer condition, If the overall MA superiority was

in fact related to what was learned (internal model consistency), as well as

to the other performance-related differences (e.g. the added proprioceptive
information channel), then some benefit in detection should be provided to
subjects detecting failures in the AU mode, if they had previously received
MA detection training (MA-AU) when compared to a corresponding AU-AU control
group. AU detection of the MA-AU group should benefit from better model

A i e A T A

development during MA training. To create these conditions, following three
sessions of training, each training group (AU and MA) transferred to receive
3 further days of failure detection in the AU mode. The results again sub-

stantiated this prediction, as positive transfer in the MA-AU transfer group
was observed. Information acquired while tracking clearly benefited detec-

tion performance while monitoring. Finally in an additional transfer group

that was investigated (AU-MA), no positive transfer was observed from AU

S U —

training to MA transfer.

The fine grained analyses performed on the detection and control data

E’ of Wickens and Kessel (1979a) were repeated on the training and transfer data, in
order to determine what characteristics of the task were transferred posi-

tively from the MA training to the AU detection. Somewhat surprising here was

our observation that, in terms of these indices of control and detection per-
F formance, the data of the AU transfer group appeared to show much greater sim- i
% ilarity to the data of all of the MA groups (from both experiments) than to

iA those of any of the other AU conditions. As stated on page 12, we had previ-
E ously attributed the differences between the MA and AU groups revealed by the
fine grained analyses to the availability of proprioceptive evidence in the MA

condition. However, since the AU transfer group showing these same charac-

teristics clearly had no proprioceptive information available, it appeared

| i that our proprioceptive argument required some modification. The tentative con-
clusion offered in light of the data from the second experiment, is that

MA training served to focus attention on particular kinds of displayed visual
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information, particularly that related to the perception of higher deriva-
tives of the error and cursor signals, This information--acceleration and
change in acceleration--which must be perceived for effective manual control
of the system in its failed state, also can serve as a relevant cue indicating
the initiation of a system failure. Thus the essence of the transferred in-
formation from MA to AU performance (and one probable source of MA superiority)
appears to be perceptual, and attributable to the requirements that effective
manual control impose on the operator to extract certain kinds of visual in-
formation from the display.

By way of general conclusions, the two studies fairly conclusively
demonstrated the existence of MA superiority in failure detection, in the
context of the paradigm employed. These results thereby suggest that conse-
quent costs may be associated with design innovations which serve to remove
the operator from the control loop. Naturally there will often be factors
that override these considerations and will require that the operator be
placed in the role of an autopilot supervisor/monitor. 1In this regard the
implication of the transfer study is that a major benefit can accrue to system
monitors, if they have received a prior period of manual interaction with the

system that is to be under supervision.
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The Structure of Processing Resources

Christopher Wickens and Colin Kessel

Another major dimension of our research on failure detection related to
the effects of two different loading tasks on detection performance. These
loading task manipulations were originally incorporated into the experimentél
design with the intent of shedding further light upon the detection process.
However, the data obtained from them, along with related experimental results
from other laboratories (e.g., Wickens, Isreal and Donchin, 1977; Wickens and
Harris, 1979: North, 1977) and theoretical views proposed by Navon and Gopher
(1977; 1979) and Kantowitz and Knight (1976) facilitated the development of
a theoretical conception of the structure underlying human information pro-
cessing resources. While many of the details of this conception are presented
in Wickens (1979a) and Wickens and Kessel (1979b), its basic tenants will be
outlined below.

The concept that humans possess an underlying 'pool” or reservoir of
processing capacity that is mobilized in the performance of any task, has
proven to: be a useful metaphor for accounting for the results of much dual
task research (e.g., Moray, 1967; Kahneman, 1973). Furthermore this concept
serves as the theoretical framework underlying the application of secondary
task methodology to workload measurement (Knowles, 1963; Rolfe, 1971). As
one task is imposed upon the operator or as it becomes more difficult, more
resources are consumed from the limited pool, fewer are available for con-
current activities, and therefore performance on these concurrent tasks is
predicted to decline.

While the concept of processing resources is useful, and has stimulated
several interesting theoretical developments (e.g., Kahneman, 1973; Norman
and Bobrow, 1975), research has brought to light a number of examples that
are at odds with the assertion that all resources reside within a single un-
differentiated reservoir, equally available to all tasks. Specifically
Wickens (197%), has identified a number of examples of "difficulty insensi-
tivity'"~-cases in which changes in the difficulty (demand for processing
resources) of one member of a dual task pair fail to produce variation in the
performance of the concurrent task. To cite one example of this phenomenon

in the failure detection research described in the previous section, we
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found that operator's detection performance in the AU participatory mode was
affected neither by the introduction of a concurrent loading task (critical
instability tracking), nor by changes in its difficulty.

There are of course a number of possible explanations for these find-
ings. Performance on the primary task may be '"data limited" (Norman and
Bobrow, 1975). That is, its performance level is governed totally by the
quality of perceptual or memory data available and therefore is uninfluenced
by the availibility of,or competition for processing resources. Alternatively,

performance on the concurrent task may be inadequately controlled, so that

that task is not really effective in changing the amount of processing resources

required. The pattern of a substantial amount of dual task data, summarized

by Wickens (1979a) however, suggests the plausibility of a third possible ex-
planation: based upon the observation that task pairs that manifest difficulty
insensitivity often appear to be structurally dissimilar, a plausible assump-
tion is that resources, rather than residing in a single undifferentiated
reservoir, are compartmentalized into separate pools defined by the separate

processing structures.

A possible configuration of these separate resource reservoirs is one in

which they are defined by stages of processing (see figure 4). This represen-

tation is consistent with some aspects of dual task research, and with a con-
ventional partitioning of the information processing sequence along these lines
(e.g., Welford, 1976; Shaffer, 1973)., When a task combination shares common
resource demands, as in Case I on the left, a tradeoff between performance

on one task, and the difficulty of the other should result. Furthermore, such
a pair should show a smooth tradeoff between the performance on both tasks
(the performance operating characteristic or POC), as the operator voluntarily
shifts his allocation of resources from one task to the other (Norman and
Bobrow, 1975; Navon and Gopher, 1977). 1In contrast, in Case II portrayed on
the right, when separate, non-overlapping processing structures are demanded
by the tasks, difficulty insensitivity will result and the POC will be dis-
continuous.

A major purpose of the dual task loading manipulations employed in our
failure detection research (Wickens and Kessel, 1979b) was to assess whether
predictions of task interference patterns, based upon the postulation of
separate processing resource pools, would be substantiated when two qualita-
tively different loading tasks were employed. The critical instability track-

ing task (Jex, 1967) mentioned above was assumed to place its greatest demand
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Figure 4: Representation of structure-specific resources predicting
difficulty performance tradeoffs.
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upon response-related resources, while a running memory mental arithmetic
, task was assumed to depend heavily upon central processing.

The effects of these two loading tasks were found to be qualitatively
different in the two participatorv modes. The critical task interfered with
detection in the MA mode, but had no effect upon AU detection. Exactly the
opposite pattern was observed for the mental arithmetic task which derogated
AU detection but influenced neither MA detection nor the operator's tracking
performance in the MA mode. If it is assumed, as we concluded from the initial
Wickens and Kessel (1977;1979a) study (see p. 13 above), that detection in
the MA mode differed from AU detection in that the former was more dependent
upon response-related information, then these dual task results are quite
consistent with the multiple reservoir concept. Only one modification of the
scheme presented in figure 4 need be made. This modification is a parsimo-
nious one and combines the "encoding'" and 'central processing'" reservoirs de-
picted into a single reservoir. Then it is assumed that MA detection, relying
more upon response-related information will compete with the critical task,

but not with mental arithmetic for response resources. AU detection depending

T T T D I Il Sy T RTINS

exclusively upon visual/perceptual information will compete for resources
with mental arithmetic but not with the critical task. If competition for
resources implies a dual task decrement, then the results are directly ex-
plained.

The results of this dual task research are thus encouraging with regard
to the concept of multiple resource reservoirs, and serve to support the theo~-
retical positions adopted by Navon and Gopher, (1977), Kantowitz and Knight
(1976) and ourselves (Wickens, 1979b). However, an extensive program of re- 4
search is certainly required to identify more specifically the demand com-
position of these reservoirs, and to determine the extent to which they may
be defined perhaps bv modalities of input or output, or by cerebral hemi-
spheres of processing as well as processing stages. When provided with such
information the human factors researcher will thus be equipped with a theo-~

retical framework to make an appropriate selection of secondary tasks for

assessing workload differences (Wickens, 1979b), and also for predicting

a priori what task combinations will vield maximum or minimum interference

when performed concurrently.
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